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Abstract— In this paper, a comprehensive and efficient thermal 
management system is proposed to harvest and reuse the thermal 
waste of high-power light-emitting diodes (HP-LEDs) for the first 
time. Besides a conventional cooling system including a 
thermoelectric cooler (TEC), a heatsink, and a fan, the proposed 
thermal management system also employs a thermoelectric 
generator (TEG), a temperature sensor, a voltage boost converter, 
and a microcontroller for thermal waste recycling. In this system, 
some of the thermal waste released by the HP-LED is harvested 
by the TEG and converted to electrical energy. With the help of a 
voltage boost converter, the harvested electrical power is used to 
power a temperature sensor to monitoring the surface 
temperature of the HP-LED. The entire system is regulated by the 
microcontroller. The system is elaborately established, tested, and 
the results are discussed. The experimental results show that the 
proposed system has an output electrical power of approximately 
696.5 μW, which is used to power a temperature sensor as a 
demonstration. The sensor works well and the discrepancy of the 
surface temperature of the HP-LED measured by the sensor and 
by a thermometer is less than 5.38%, which validates the 
proposed thermal management system.  
Index Terms—Energy harvesting, energy recycling, 
environmental monitoring, high-power light-emitting diodes 
(HP-LEDs), thermoelectric generator (TEG), thermal 
management, thermal waste. 
 
I. INTRODUCTION 
IGH-POWER light-emitting diodes (HP-LEDs) have been 
widely used in modern lighting due to their long service 
life, fast response speed, and energy saving characteristics. 
However, the electro-optic conversion efficiency of HP-LEDs 
is still low, i.e., approximately 20% to 40% [1]−[4]. More than 
two-thirds of the electrical energy consumed by the HP-LED is 
released in the form of heat, affecting the performance of the 
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diode [5], [6]. To avoid the reduction of luminosity and change 
in wavelength emission of HP-LEDs [7], [8], the junction 
temperature should not exceed an upper limitation [9]. This 
requires an efficient heat dissipation to reduce the junction 
temperature [10]. 
Heat dissipation of LED can be improved by employing 
efficient cooling devices to rapidly transfer the released heat 
from the LED base to external environment [11]. One 
promising cooling device is thermoelectric cooler (TEC) 
[12]−[15], which has been successfully used for heat 
dissipation of HP-LEDs. For example, in [16], an automatic 
temperature control system was proposed, consisting of three 
parts, i.e., a TEC, a microfan, and a microcontroller. When the 
temperature of the LED reaches 43°C, this cooling system 
starts to work and the temperature will soon be reduced to a 
pre-set value of 30°C. Yuruker et al. [17] studied the thermal 
and optical performances of LED under different driving 
conditions and used a TEC to control the board temperature. 
Although there exist several approaches to control the 
temperature of HP-LED, no effort has been made to handle the 
substantial thermal waste released from HP-LEDs. In this 
paper, we propose to reuse this wasted thermal energy to power 
low-power electronics. 
Thermal energy can be harvested by a combination of a 
thermoelectric generator (TEG) and a DC-to-DC converter 
[18]. The former converts heat flux into electrical energy and 
the latter converts a source of direct current (DC) from one 
voltage level to another. Using this method, even a small 
temperature difference of only 4°C can generate enough 
electrical energy for some low-power electronic devices. 
Specifically, thermal energy harvesting is the process of 
converting thermal gradients into electrical energy through 
TEG [19]. For example, Wang et al. [20] demonstrated a novel 
wearable TEG device that uses human body heat to power a 
miniaturized accelerometer. Experiment shows that the 
proposed TEG provides a stable long-term power for an 
accelerometer to detect human motion. Furthermore, there are 
also examples of system-on-chips (SoC) [21], autonomous 
multisensor systems [22], and wireless sensors [23] being 
successfully powered by diverse energy harvesting systems 
based on TEGs. In these cases, there are various heat sources, 
such as human body heat, solar radiation, and high-temperature 
fluid pipelines. However, to a certain extent, these systems are 
constrained by environment and location due to the 
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characteristics of the heat sources; thus, the output power of 
these systems is unsustainable and not continuous. 
HP-LED is a stable and sustainable heat source. In this work, 
we propose to use the temperature gradient generated by a 
working HP-LED as the input of TEG to generate electrical 
power. Different from conventional thermal management 
systems focusing on efficient heat dissipation, this work aims to 
enable an optimal use of the waste heat and a comprehensive 
control of the thermal power harvesting. In this paper, a thermal 
management system is developed integrating both a 
thermoelectric cooling module and a thermal energy harvesting 
module. As a demonstration, the energy harvested from the 
HP-LED is used to power a temperature sensor monitoring the 
temperature of the HP-LED, which is crucial to LED operation. 
This is the first time that the waste heat released by a HP-LED 
is recycled and utilized to power low-power electronics.  
The rest of the paper is organized as follows. The 
thermoelectric properties of the TEG employed in this work are 
theoretically analyzed and experimentally characterized in 
Section II. Section III presents the design flow of the system. In 
Section IV, the performance of the proposed thermal 
management system is evaluated, and the experimental results 
are discussed. Finally, this paper is concluded in Section V. 
II. PERFORMANCE CHARACTERIZATION OF TEG 
A. Theoretical analysis of the thermoelectric properties 
As illustrated in Fig. 1(a), a typical single-stage TEG consists 
of an array of thermoelectric legs (TE legs) sandwiched 
between two thermally conducting but electrically insulating 
ceramic plates. The TE legs are electrically connected in series 
by copper connectors. When exposed to a temperature gradient, 
i.e., the temperature of one side of the TEG is higher than that 
of the other side, an electromotive force will be induced across 
the thermocouples. Fig. 1(b) shows the electrical equivalent 
circuit of the TEG. The resultant open-circuit voltage across the 
TEG terminals Voc can be expressed by 
 ( ) ,OC S h cV V S T T S T= =  − =    (1) 
where VS is the Seebeck electromotive force, Th and Tc are the 
hot- and cold-side temperatures, ΔT is the temperature 
difference across the junctions, and S is the Seebeck coefficient 
of the module. According to [24], S can be obtained as 
 ( ) ,p nS N  = −  (2) 
where αn and αp are the absolute Seebeck coefficients for the 
n-type and p-type materials of the thermoelectric legs, 
respectively, and N is the total number of thermocouples. 
Moreover, the total resistance (R) and the overall thermal 
conductance of the module (K) can also be obtained from 
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where n and p are the electrical resistivities of the 
thermoelectric materials, kn and kp are the thermal 
conductivities, An and Ap are the cross-section areas of the 
thermoelectric pellets, and Ln and Lp are the lengths of the 
pellet. 
Based on the equivalent circuit shown in Fig. 1(b), the 










where Rin is the internal resistance of the TEG module, RL is the 
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These parameters will later be used to evaluate the power 
generation of the proposed thermal management system.  
In this work, a commercially available Bi2Te3-based TEG is 
selected. The performance of TEG can be evaluated by a 









=  (8) 
Since the Seebeck coefficients α, electrical conductivity σ, and 
thermal conductivity k of the p-type and n-type Bi2Te3 are all 
temperature dependent [25], the ZT is also temperature 
dependent. According to the data given in literature [24], the α, 
σ, and k of the p-type and n-type Bi2Te3 are expressed as 
functions of temperature T in Table I. To have a clearer view, 
the variations of these parameters with the T varying from 300 
K to 700 K are plotted in Fig. 2.  
 
Fig. 1.  (a) Schematic diagram and (b) equivalent circuit of a typical TEG 
module. 
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B. Experiments on the output performance of TEG 
To investigate whether the selected Bi2Te3-based TEG can 
provide enough power for the sensor, as shown in Fig. 3(a), a 
power generation experimental platform is established to 
characterize the output performance of the TEG. The TEG is 
sandwiched between a constant-temperature heating platform 
and a heatsink with a fan to provide a temperature gradient 
between its two sides. Moreover, the contact surfaces of the 
TEG are coated with thermal grease to improve heat 
conduction. The hot-side and cold-side temperatures TGH and 
TGC of the TEG are monitored by an 8-channel temperature 
acquisition instrument (thermometer). The output voltage 
generated by the TEG is measured by a digital multimeter. Two 
K-type thermocouples probe are placed on the top and bottom 
layers of the TEG to acquire temperature. During the 
experiment, the indoor room temperature is maintained at 22℃. 
The temperatures on the both sides of the TEG increase as the 
heating platform is gradually heated to 80℃. However, TGC 
rises slower than TGH due to the heatsink and fan attached to the 
cold surface of the TEG. 
Fig. 3(b) plots the variations of VOC and VL with ΔT (ΔT = 
TGH − TGC). It can be seen from Fig. 3(b) that both VOC and VL 
increase almost linearly with ΔT. Under the same ΔT, VOC is 
always larger than VL, which is expected from the equivalent 
circuit shown in Fig. 1(b). As ΔT varies from 0 K to 25 K, VOC 
increases from 0 mV to 558.68 mV. When RL = 3 Ω, the value 
of VOC is approximately twice as large as VL, which means that 
the voltages across RL and Rin are the same. Thus, from the 
circuit shown in Fig. 1(b), it can be easily deducted that Rin ≈ RL 
= 3 Ω.  
Meanwhile, Rin can also be calculated by substituting the 
values of VOC, VL, and RL into (6). Fig. 3(c) plots the calculated 
Rin with ΔT changing from 0 K to 25 K when RL =1 Ω, 2 Ω, and 
3 Ω. According to the figure, the variations of Rin is very small. 
Therefore, Rin is considered as a constant of 3.04 Ω (average 
value) in this work for simplicity. 
TABLE I 
THE TEMPERATURE-DEPENDENT MATERIAL PROPERTIES OF THE TE LEGS 
Material Seebeck coefficient α [VK−1] Electrical conductivity σ [Sm−1] Thermal conductivity k [Wm−1K−1] 
p-Bi2Te3 1.3010−9T2+1.1710−6T−8.8010−5 1.80184T2−2101.88T+686731.77 3.1110−5T2−0.02413T+5.90208 
n-Bi2Te3 −2.3110−9T2−1.6510−6T+6.8910−5 0.89631T2−860.754T+262853.95 1.1910−5T2−0.00577T+2.00418 
 
 
Fig. 2.  Temperature-dependent thermoelectric properties of the n-type and p-type Bi2Te3: (a) Seebeck coefficient α; (b) electrical conductivity σ; (c) thermal 
conductivity k; (d) figure of merit ZT. 
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Subsequently, the output power P generated by the TEG is 
calculated from (7) and is plotted in Fig. 3(d). According to Fig. 
3(d), the larger the ΔT, the higher the P, which is in accordance 
with the expectation. On the other hand, the value of RL also 
affects P. According to the Thevenin’s law, P reaches the 
maximum value when RL = Rin. This explains why P has larger 
values when RL = 3 Ω compared to the cases of RL = 1 Ω or 2 Ω. 
When RL = 3 Ω, with ΔT changing from 0 K to 25 K, P is 
increased from 1.23 mW to 25.66 mW. This milliwatt-level 
power is sufficient for many low-power devices.  
In this section, the internal resistance Rin of the TEG is 
determined. Both theory and experiment results show that, 
under different working conditions, Rin is quite stable and can 
be seen as a constant of Rin = 3.04 Ω. 
III. DESIGN OF THE THERMAL MANAGEMENT SYSTEM 
A. Temperature acquisition module 
Temperature is the main factor influencing the photoelectric 
property of HP-LEDs [26]. Frequent overheating can cause 
unexpected shutdowns and shorten LED lifespans. If the 
surface temperature of working LEDs can be monitored, a 
protection module can be applied to prevent overheating. 
As illustrated in Fig. 4 (a), a temperature acquisition module 
is established including a temperature sensor TMP116 [27], a 
microcontroller STM32 [28], and a host computer. In this work, 
the TMP116 from Texas Instruments is chosen to monitor and 
measure the surface temperature of a LED in real time. The 
communication protocol of TMP116 is compatible with the 
Inner-Integrated Circuit (I2C) bus interface. The static power 
consumption of TMP116 is very low most of the time, except 
for transmission bursts when the circuit is powered up to 
conduct measurements and transmit data. Typically, a current 
of 3.5 μA is consumed by TMP116 in the operation voltage 
range of 1.9 to 5.5 V. The STM32 microcontroller is 
programmed to communicate with the sensor via I2C bus. The 
data acquired by the temperature sensor is transmitted to and 
processed by STM32. Then, the processed data is further 
transmitted to the host computer through a serial interface. To 
visualize the temperature variations of the measured object, a 
software is developed with LabVIEW in the host computer, 
which can acquire, store, and display the temperature data, as 
illustrated in Fig. 4 (b). 
The internal configuration register of TMP116 is initialized 
by STM32 so that the host computer can read the data. With the 
use of an oscilloscope, the waveform of the reading process is 
captured, as shown in Fig. 4 (c). The vertical grid is 2 V on the 
oscilloscope. According to the figure, the level of Serial clock 
(SCL) and Serial data (SDA) is approximately 3.2 V (it should 
be 3.3 V theoretically). The reading cycle is described as 
 
Fig. 3.  (a) Photo of the power generation experimental platform. (b) Measured VOC and VL, (c) calculated inner resistance Rin, and (d) calculated output power P of 
the TEG with different loading resistance RL. 




() First, the state of the SDA line is changed from high to 
low when the SCL line is at a high level, and the data transfer is 
initiated with a START condition. After that, a slave address 
(1001 0000) is sent from STM32 to TMP116. The last bit is 0, 
which is a writing signal. Then, an acknowledged bit (ACK) is 
generated by TMP116 for responding to the writing request. 
() Second, the address of the temperature register (0000 
0000), which is to be read, is transmitted from STM32 to 
TMP116. Later, this register address is responded by TMP116, 
and a repeated START condition is sent via STM32. In 
subsequence, the slave address (1001 0001) is transmitted from 
STM32. The last bit is set to 1, which signifies a reading. At this 
time, the reading request is acknowledged by TMP116, and the 
SDA bus is released through STM32. 
() Finally, clock pulses are continuously sent out by 
STM32, followed by freeing the SDA line so that the data can 
be transferred from TMP116. At the end of the high byte of data 
(0000 1111), an ACK is sent through TMP116. When the low 
bytes of data (1111 1111) are received by STM32, a 
non-acknowledged (NACK) signal is generated, which is a 
signal for halting communication and releasing the bus. Finally, 
data transfer is terminated with a STOP condition. 
B. DC-to-DC boost circuit 
The recommended operating voltage and power 
consumption for TMP116 are quite low, i.e., the minimal 
values of the voltage and power are 1.9 V and 6.65 μW, 
respectively. The study in Section II shows that the selected 
TEG can generate a much higher power than the power 
requested by TMP116. However, the output voltage of the TEG 
is in millivolt level, which is not enough to drive TMP116. For 
example, according to Figs. 3(b) and 3(d), with a ΔT of only 5 
K and RL = 3 Ω, the power P ≈ 2 mW (200 μW) and the output 
voltage VL ≈ 50 mV. To power the temperature sensor, a higher 
voltage is required.  
In this work, a DC-to-DC boost converter, i.e., LTC3108 
[29], is used to raise the voltage generated by the TEG from 
millivolt level to volt level. The boost converter LTC3108 is 
configured as shown in Fig. 5. The input signal from VIN is 
first converted from a low DC voltage to an alternating-current 
(AC) voltage by a resonant boost oscillator, and then the charge 
is output from VOUT through the processing of internal 
rectifier and regulator. The voltage at the VOUT pin is 
regulated to the voltage selected by VS1 and VS2. Using 
jumper caps, VS1 is selected to connect with VAUX, while 
VS2 is tied to the ground in the circuit. By doing so, the voltage 
of the VOUT should be 3.3 V in theory, and this pin is chosen to 
supply power for the temperature sensors. 
C. Thermal management system 
With the temperature acquisition module and the DC-to-DC 
boost converter described in the previous subsections, the 
thermal management system is then developed. The physical 
 
 
Fig. 4.  The temperature acquisition model: (a) typical connected diagram, (b) 
the control panel of host computer based on LabVIEW, and (c) an oscilloscope 
capturing waveform of reading operation. 
 
Fig. 5.  LTC3108 boost circuit: schematic diagram and printed circuit board. 
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layout and schematic electrical circuit of the system are shown 
in Figs. 6(a) and 6(b), respectively. 
A white light LED with 9 light beads integrated inside is 
taken as the heat source in this system. The specifications of 
this LED are summarized in Table II. A TEG is sandwiched 
between the LED and a TEC with heatsink to obtain a thermal 
difference between its two sides. The power consumed by the 
TEC is 2.4 V  1.32 A = 3.17 W, which is provided by an 
external voltage source. The multifin heatsink is utilized as a 
heat exchanger to transfer the heat generated by the TEC, and a 
fan is screwed with the heatsink to blow the hot air away. 
Moreover, the back of the heatsink is covered by a 
4.1-mm-thick shim, and all the contact surfaces between the 
LED, TEG, and TEC are coated with thermal grease to improve 
thermal conduction. 
To monitor the surface temperature of the LED, a 
temperature sensor TMP116 is applied on top of the LED. The 
sensor is powered by the TEG harvesting the waste heat 
released from the LED. The data acquired by the sensor is 
transmitted to and displayed by a host computer through the 
microcontroller STM32. STM32 is powered by the host 
computer via a USB cable. 
As presented in Fig. 6(b), a K-type thermometer is employed 
to monitor the surface temperature of the LED (TLED), the cold- 
and hot-side temperatures of the TEG, i.e., TGC and TGH, and the 
cold- and hot-side temperatures of the TEC, i.e., TCC and TCH. 
Note that TGC = TCC. In addition, a multimeter is used to 
measure the output voltage of the TEG. 
IV. RESULTS AND DISCUSSION 
A. Cooling performance evaluation 
Fig. 7(a) plots the variations of temperature at different test 
points during the experiment. The temperature data is acquired 
every 20 seconds. Fig. 7(a) shows that TGC decreases in the first 
time-interval from 0 s to 20 s. This is due to the fact that the 
TEC’s cooling starts immediately while it takes some time for 
the heat released from the LED to be transferred to the cold side 
of the TEC. From the second time-interval, heat is transferred 
to the cold side of TEC, whose cooling capacity is insufficient 
for cooling, and TGC begins to rise and gradually stabilize. 
Moreover, the other three temperatures (TLED, TGH, and TCH) 
rise slowly in the beginning and then reach a balance after 540 
seconds (9 minutes) of operation. This indicates that the system 
achieves a dynamic balance after a period of running time. Due 
to the presence of the LED and TEC, the top-side temperature 
of the TEG is higher than that at the bottom layer. In Fig. 7 (a), 
the final TLED is approximately 32℃, and the ΔT between TGH 
and TGC is 4.3 K. 
Moreover, a conventional TEC cooling system composed of 
TEC, heatsink, and fan is established and tested as a reference. 
The measured temperature data is plotted in Fig. 7(b). As 
observed from the figure, a dynamic balance is reached after 
approximately 120 seconds. It is noticed that the curves of TLED 
and TCC are almost completely overlapped. They are stabilized 
at nearly 30℃ when the dynamic balance is reached. In 
addition, Fig. 7(b) also includes the temperature variation of the 
LED without a cooling system, where TLED increases rapidly 
from 22℃ to 152℃. This steep growth in temperature could 
endanger the operation of the LED. By comparing the results 
shown in Figs. 7(a) and 7(b), it can be concluded that the 
proposed thermal management system and the conventional 
cooling system have the similar cooling capability. 
B. Energy extraction from waste heat 
From the previous subsection, it is observed that the system 
generates a ΔT of 4.3 K when dynamic balance is achieved. 
This heat difference can be utilized and converted to electrical 
energy by the TEG and the DC-to-DC boost converter. The 
output voltage is measured by connecting the multimeter to the 
two terminals of the TEG in two cases. In the first case, the 
TEG is open loaded, thus the multimeter reads the output 
voltage VOC. In the second case, the DC-to-DC boost converter 
and the temperature sensor are connected to the TEG, thus the 
multimeter measures the voltage across the load (DC-DC 
converter and sensor) VL. The variations of VOC and VL with 
time are plotted in Fig. 7 (c). The output voltages VOC and VL are 
stabilized around 133.58 mV and 115.19 mV, respectively. The 
attained VOC value is quite similar to the result shown in Fig. 
3(b) when the TEG is assess alone, i.e., VOC is approximately 
120 mV when ΔT = 4.3 K. This shows that the TEG works 
TABLE II 
 PARAMETERS OF THE EMPLOYED HP-LED 
Parameter Ratings Units 
Chip size 3030 mil2 
Operating voltage 10 V 
Current 200 mA 
Product size 2029 mm2 




Fig. 6.  The proposed thermal management system: (a) a physical map and (b) 
an electrical connected diagram. 
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normally in the proposed thermal management system. The 
output voltage fluctuates in a small range, which illustrates that 
continuous electricity source is produced with almost no 
decline in power generation over the test period. 
Considering the temperature measurement circuit acting as a 












By substituting the values of VOC, VL, and Rin into (9), Req is 
calculated to be 19.05 Ω. By substituting the calculated Req into 
(7), the value of the power generation is obtained to be P = 
696.5 μW. Since the conversion efficiency of the LTC3108 
boost circuit is approximately 55% according to its datasheet 
[29], the maximum P of the LTC3108 is about 696.5 μW  55% 
= 383 μW. This power is more than enough for the temperature 
sensor with its maximum power consumption is only 19.25 μW.  
C. Temperature monitoring with a temperature sensor 
The power harvested by the TEG allows the temperature 
sensor to work properly. It can monitor the surface temperature 
of the LED and the results are quite close to the results 
measured by the thermometer. The temperature data acquired 
by the sensor is compared with the temperature measured by 
the thermometer (TK) in Fig. 7(d). The results obtained from the 
sensor and the thermometer agree quite well with each other, 
i.e., the discrepancy between the two results is less than 5.38%. 
With the employed sensor monitoring the temperature, a 
protection system can be developed to prevent overheating. 
According to the measured results, the proposed system has a 
similar cooling capacity as the conventional TEC cooling 
system. Besides the cooling capability, it harvests thermal 
energy for power generation to drive a sensor for temperature 
monitoring. In the future, the thermal management system will 
be improved, harvesting more power that can be used for 
various purposes.  
V. CONCLUSION 
In this paper, a thermal management system that generates 
power from thermal waste released from HP-LEDs has been 
designed and validated. The proposed system can cool the LED 
as well as harvest energy from the LED. According to the 
measured results, the cooling capacity of the system is similar 
to the conventional TEC cooling system, i.e., the LED remains 
 
Fig. 7.  Experimental results: (a) Measured variations of temperatures at different test points in the proposed thermal management system and (b) in a conventional 
TEC cooking system; (c) Measured voltage of the TEG in two cases: without loading and with the measurement circuit connected; (d) Measured surface 
temperature of the LED by the thermometer and by the temperature sensor. 
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at 32℃ when the room temperature is 22℃. The power of the 
energy harvested from the 4.3 K thermal difference generated 
by the LED is approximately 696.5 μW, which can be used to 
power low-power electronics. In this work, the energy has been 
used to power a temperature sensor which only consumes 19.25 
μW power as an example. With a DC-DC boost converter, 55% 
of the power can be converted with the output voltage increased 
to 3.3 V to power the sensor. The measurement results show 
that the temperature sensor works quite well. The discrepancy 
of the temperature measured by the sensor and that by the 
thermometer is less than 5.38%. The proposed system 
demonstrates a way of recycling and reusing thermal waste 
from HP-LEDs. 
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